Abstract. The incidence of hepatocellular carcinoma (HCC) has continued to increase worldwide, and advanced HCC is difficult to treat using the currently available therapeutics. Chemoradiotherapy with cisplatin (cis-diamminedichloroplatinum, CDDP) is expected to confer a curative benefit on HCC patients; however, its application is limited due to side-effects such as acute nephrotoxicity as well as the conventionally limited application of chemoradiotherapy for HCC. For the practical application of this drug in the clinical setting, we formulated a novel drug carrier-comprising bio-nanocapsule (BNC) and liposomal CDDP (BNC-LP-CDDP) that recognizes the human liver and releases CDDP. BNC-LP-CDDP showed selectively high cytotoxicity for HCC cells, and markedly reduced the survival fractions of HCC when combined with ionizing radiation (IR) treatment in in vitro assays. In particular, the treatment of mice bearing human HCC with BNC-LP-CDDP and 3 Gy IR showed 95.68% growth inhibition, whereas IR treatment alone showed 65.6% growth inhibition. Moreover, BNC-LP-CDDP led to the withdrawal of CDDP-induced nephrotoxicity. These results indicate that BNC-LP-CDDP in combination with IR markedly enhanced the chemo-radiotherapeutic efficacy and eliminated CDDP induced nephrotoxicity, thus, suggesting the potential for its clinical application as human HCC therapy.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer-related death worldwide (1, 2) . Surgical resection, liver transplantation, percutaneous ethanol injection (PEI), and radiofrequency ablation (RFA) are considered to be the primary treatments for patients with possibly curable disease. Sorafenib is another currently available treatment option for HCC, but its efficacy is not satisfactory due to insufficient anticancer properties in a large portion of HCC patients (3) .
Radiotherapy is one of the most effective tools in the clinical treatment of many types of solid tumors; however, its use for HCC has been limited due to the intrinsic tolerance of the liver and the development of radiation-induced liver disease (4, 5) . As an increase in the radiation dose may lead to severe damage to normal tissues around the tumor and could potentially result in wound complications and transformation of tumor to radioresistant ones (6, 7) , this cannot serve as an option for enhancing the response of cancers to radiation therapy. Ideally, effective radiation therapy should eliminate cancer cells in the tumor and simultaneously protect normal tissues and organs (8) . Recent studies have shown that drug delivery systems, such as radiosensitizer-incorporated nanocarriers capable of targeting tumors, can enhance radiosensitivity (9) (10) (11) . Murine monoclonal anti-EGFR antibody-conjugated gold nanoparticle (AuNP) containing β-lapachone, an anticancer drug that induces direct cytotoxic effects and loss of telomerase activity, appears to enhance radiosensitivity through active targeting of the tumor in vitro and in vivo (9) . Polymeric nanoparticles containing taxanes, an anti-neoplastic agent, or sirolimus, an mTOR inhibitor (PNP-taxanes or PNP-sirolimus, respectively), reportedly enhanced the efficacy of chemoradiation therapy in non-small cell lung cancer (10, 11) . Cis-diamminedichloroplatinum (II) (cisplatin, CDDP) is a chemotherapeutic drug used for the treatment of various solid tumors and is a well-known radiosensitizing agent (12) (13) (14) . CDDP binds to DNA through crosslinking, induces DNA damage and then triggers apoptosis, if the damage is not repaired. Although CDDP is preferentially used for HCC treatment, it also evokes side-effects such as nephrotoxicity, hematopoietic injury, and deafness through a biotransformation pathway (15, 16) . Nephrotoxicity is the most severe among these side-effects and is responsible for the dose limitation of this drug. Although the incorporation of CDDP into nanoparticles to overcome this limitation has been proposed (17, 18) , this option has not been tested for HCC or as an active targeting drug delivery system.
Preclinical evaluation of cisplatin-incorporated bio-nanocapsules as chemo-radiotherapy for human hepatocellular carcinoma
we recently created a bio-nanocapsule (BNC), a hollow particle ~50 nm in diameter, that contained the hepatitis B virus surface antigen (HBsAg) L protein and displayed a human hepatocyte-recognizing molecule (pre-S1 peptide), and reported on its effectiveness for active targeting to human liver (19) . BNC binds well with the surface of the liposome (LP), probably due to the spontaneous fusion of the lipid bilayer of the BNC with the LP (20, 21) . Since LPs can adjust both the pharmacokinetics and biodistribution of the drugs by modifying the size, surface charge, and membrane lipid packing, it has become widely accepted as a well-characterized, classical carrier for drug delivery (22) . A size-controlled LP can efficiently deliver a drug to the tumor site through the enhanced permeability and retention (EPR) effect and can protect the drug from metabolic processes that could clear it from the body (23). However, LPs may not be able to actively target a specific site or ensure long-term circulation in the bloodstream due to its rapid elimination through the reticuloendothelial system (RES) (24) . Therefore, we used BNC and LP as a fused complex to achieve active targeting drug delivery specifically aimed at HCC based on the characteristics of BNC and LP.
In the present study, we introduced a BNC-LP complex that incorporates CDDP (BNC-LP-CDDP) for clinical application in human HCC treatment, and preclinically proved its effectiveness through in vitro and in vivo analysis.
Materials and methods
Preparation and characterization of BNC-LP-CDDP. BNC was prepared as previously described (21, 25) . In brief, BNCs were purified from S. cerevisiae AH22R cells harboring the BNC expression plasmid, pGLDLIIP39-RcT. Protein concentrations were determined with a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Inc., Rockford, IL, uSA) using bovine serum albumin (BSA) as a control protein. To remove contaminated materials, all samples were precipitated with ice-cold acetone containing 10% (w/v) trichloroacetic acid and 0.07% (v/v) 2-mercaptoethanol at -20˚C for 1 h. The precipitated samples were washed with icecold acetone and then tested using the BCA protein assay kit. CDDP for the preparation of LP-CDDP was purchased from Jw Pharmaceutical Co. (Seoul, Republic of korea). LP-CDDP was prepared by katayama Chemical Industries, Co., Ltd., (Osaka, Japan) on a contract basis, and was formulated using dipalmitoylphosphatidylcholine, cholesterol, ganglioside, diacetyl phosphate and dipalmitoylphosphatidyl ethanolamine in the molar ratio of 35:40:15:5:5. The lipid concentrations of LP-CDDP were measured as total cholesterol with 0.5% Triton X-100, using a Deternuber TC555 kit. The total lipid concentration was calculated by multiplying 2.5 by the cholesterol concentration. LP-CDDP was diluted to 10,000-fold with distilled water, and the concentration of platinum was measured using an automatic flameless atomic absorption spectrophotometer (FAAS) (Model AA-6700; Shimadzu, kyoto, Japan) (26) . Our previous studies demonstrated that, among the BNC-LP complexes prepared at 70˚C and pH 3.0, the highest yield of BNCs was obtained at a BNC:LP ratio of 1:20 [molar ratio of BNC (as particle):LP (as lipids) = 1:1.6x10 4 or 1:1.6x10 5 , respectively] (21). To produce the BNC-LP-CDDP complex, LP-CDDP was incubated in Britton-Robinson buffer (0.1 M H 3 BO 3 , 0.1 M CH 3 COOH, 0.1 M H 3 PO 4 and 0.5 M NaOH; pH 3.0) at 70˚C for 5 min, mixed with BNC, and then kept at 70˚C for 60 min with gentle stirring. To exchange the buffer, the solutions were passed through a Sephadex G-25 (GE Healthcare, Buckinghamshire, uk) gel-filtration column with phosphate-buffered saline (PBS) at pH 7.4. The sizes and ζ-potentials of the LP-CDDP and BNC-LP-CDDP were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS device (Malvern Instruments Ltd., worcestershire, uk). The polydispersity index (PDI) is a width parameter for the Z-average as an intensity mean.
Cell culture. Human HCC Hep3B cells (ATCC no. HB-8064) were maintained in Dulbecco's modified Eagle's medium (Gibco-Invitrogen, Carlsbad, CA, uSA). Human colorectal carcinoma HCT116 cells (ATCC no. CCL-247) were maintained in RPMI-1640 medium (Gibco-Invitrogen). Both media were supplemented with 10% fetal bovine serum (FBS; GibcoInvitrogen) and 1% penicillin/streptomycin (Gibco-Invitrogen) in a humidified atmosphere of 5% CO 2 at 37˚C.
Analysis of cell proliferation and cell cycle distribution.
Hep3B and HCT116 cells in an exponential growth phase were harvested and plated in 96-well plates (5x10 3 cells/well in 100 µl of growth medium). Each experiment was performed in triplicate. Cells were exposed to CDDP, LP-CDDP, or BNC-LP-CDDP at concentrations of 0, 5, 10 and 15 µg/ml for 4 h and further incubated for 48 h without any drug. Cell proliferation assays were performed using the CCk-8 assay kit (Dojindo Molecular Technologies, Gaithersburg, MD, uSA) according to the manufacturer's instructions. For the cell cycle distribution assay, Hep3B cells were plated in a 60-mm tissue culture dish at a density of 2x10 5 and incubated overnight. Cells were treated with 5 µg/ml of CDDP, LP-CDDP or BNC-LP-CDDP for 4 h and further incubated for 48 h without any drug. The cells were collected and suspended in 100% cold-ethanol for fixation. The fixed cells were stained with propidium iodide (PI), and the cell cycle distribution was then analyzed via flow cytometry (BD FACSCancto II).
Clonogenic survival assay.
A clonogenic assay to determine the eternal proliferative potential of cells after treatment was performed by quantifying the colonies formed from single cells. Cells were plated in a 6-well tissue culture plate at a density of 400, 800, 2,000 and 4,000 cells/well and were exposed to IR of 0, 2, 4 and 8 Gy, respectively. Cells were incubated in the presence of drugs such as CDDP, LP-CDDP, BNC-LP-CDDP, or BNC (equivalent to a CDDP concentration of 0.5 µg/ml, 1.667 µM) for 4 h, and were exposed IR in the absence of drugs. IR was delivered to the cell on plate using a 6-Mv photon beam linear accelerator (CL/1800; varian Medical Systems, Inc., Palo Alto, CA, uSA). The cells were further incubated for ~20 days at 37˚C for colony formation. Cells were stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, uSA) in 20% methanol. Stained colonies were washed with water, air-dried, and counted when they comprised >50 cells. The surviving fraction was calculated as mean colonies counted/ (cells plated x plating efficiency), where plating efficiency was defined as mean colonies counted/cells plated. All values were normalized to untreated cells. The mean number of colonies from triplicate tests, and their standard deviations were calculated. The sensitizer enhancement ratio (SER) was calculated as the radiation dose needed for radiation alone divided by the dose needed for various concentrations of drug plus radiation at a survival fraction of 0.5%.
In vivo tumor growth delay. All animal experiments were performed following the protocol approved by the Institutional Animal Care and use Committee of the Asan Institute for Life Science. The Hep3B cell-derived xenograft tumor model from male athymic nude mice (BALB/c-nude; 6-weeks old; Japan SLC Inc., Hamamatsu, Japan) was used to assess the in vivo therapeutic efficacy. To establish the xenograft model, a suspension of 3x10 6 cells was implanted subcutaneously (s.c) into the right hind leg of the mouse. The mice bearing xenograft tumors grown from 80 to 120 mm 3 were pair-matched according to the tumor volume into experimental groups (n=5 in each group). Drugs were intravenously (i.v.) administered through the tail vein 2 h before IR treatment. A single dose of CDDP included 2 mg/kg, and the doses of all other drugs were adjusted equivalent to the CDDP dose. The drug for administration was prepared at the concentration of 0.3 mg/ml and the volume given a mouse that was usually ~150 µl/mouse was proportional to the body weight. IR of 3 Gy was locally delivered to the tumor using a 6-Mv photon beam linear accelerator, when mice were held in a mouse restrainer. The tumor volume and body weight were monitored during the entire experimental period. Tumor volume was calculated using the formula: volume = (length x width 2 ) x 0.5. The results are expressed as the mean ± standard deviation.
Histological and immunohistochemical analysis. For immunohistochemical analysis of activated caspase-3, the Hep3B cell-derived xenograft mouse was i.v. injected with BNC, CDDP, LP-CDDP, or BNC-LP-CDDP at doses of 10 mg/kg depending on the amount of CDDP. After 2 h, tumors were irradiated with 3 Gy using a 6-Mv photon beam linear accelerator. Tumor tissues were collected after 24 h and fixed with 4% paraformaldehyde. The fixed tumor tissues were kept frozen in OCT compound and then cryosectionized using a cryotome. Immunohistochemical staining was performed with anti-cleaved-caspase-3 (#9661; Cell Signaling Technology, Inc., Danvers, MA, uSA) and was analyzed under a microscope (DP71; Olympus, Tokyo, Japan). The tumor tissues were counter-stained with hematoxylin. To assess nephrotoxicity, the mice were treated with CDDP, LP-CDDP, or BNC-LP-CDDP (equivalent to CDDP dose of 10 mg/kg; n=3) and were sacrificed after 4 days. The kidney tissue was harvested, fixed in 4% paraformaldehyde, embedded in paraffin and sliced. The sections at a 5 µm-thickness were observed under a microscope (DP71; Olympus, Tokyo, Japan) after staining with hematoxylin and eosin.
Results

HCC-specific cytotoxicity of BNC-LP-CDDP.
The size distribution of LP-CDDP and BNC-LP-CDDP was first analyzed using the DLS method, which indicated a value of ~250 nm for both complexes (Fig. 1A) . The material contents of LP-CDDP included 13.9 mg of LP and 2.8 mg of CDDP per ml, whereas that of BNC-LP-CDDP included 0.58 mg of BNC, 7.6 mg of LP and 1.5 mg of CDDP per ml (Fig. 1B) .
To ensure that BNC-LP-CDDP produces HCC-specific cytotoxicity, human HCC Hep3B cells and human colon cancer HCT116 cells were treated with BNC-LP-CDDP, and their viabilities were assessed. The viability of Hep3B treated with CDDP at 0, 5, 10 and 15 µg/ml was 100, 61 and 43%, respectively, whereas that of HCT116 in the same conditions was 100, 57 and 43%, respectively, thus, indicating that CDDP induced equivalent cytotoxicity in both cell lines ( Fig. 2A and B) . When the cells were treated with BNC-LP-CDDP, the Hep3B cells were more likely to die as compared to the HCT116 cells. The viability of Hep3B cells was reduced to 34% following BNC-LP-CDDP treatment at 15 µg/ml, in contrast to the viability of 76% in HCT116 cells following BNC-LP-CDDP treatment. These results suggest that BNC-LP-CDDP specifically targets and kills HCC cells.
To examine the effect of BNC-LP-CDDP on cell cycle distribution and the sub-G1 population of Hep3B cells, the cells were exposed to a lower concentration (5 µg/ml) of drugs and were subjected to analysis of the DNA contents using flow cytometry. we found that BNC-LP-CDDP treatment markedly increased the sub-G1 population of the cells to 31.3%, whereas CDDP and LP-CDDP treatment resulted in a lower sub-G1 population. These results indicate that BNC-LP-CDDP strongly induces cell death in human HCC cells.
Radiosensitization of HCC cells by BNC-LP-CDDP.
To assess the effect of BNC-LP-CDDP on the in vitro chemoradiotherapeutic efficacy, Hep3B cells were treated with BNC, CDDP, LP-CDDP, or BNC-LP-CDDP at a lower concentration (such as 0.5 µg/ml) and were exposed to IR at 0, 2, 4 or 8 Gy. In the clonogenic assay, the survival fractions of the cells without drug treatment were estimated as follows: 1, 0.56, 0.46 and 0.06 at radiation doses of 0, 2, 4 and 8 Gy, respectively (Fig. 3) . The survival fraction of cells was most effectively reduced when the cells were pre-treated with BNC-LP-CDDP, which led to survival fractions of 1, 0.15, 0.09 and 0.02 at 0, 2, 4, and 8 Gy, respectively. The sensitizer enhancement ratio (SER) of BNC-LP-CDDP, LP-CDDP and CDDP were 5.83, 2.12 and 1.41, respectively, compared to that with IR alone. These results suggest that BNC-LP-CDDP potentially exerted radiosensitization effects in HCC cells.
Enhancement of radiotherapeutic efficacy by BNC-LP-CDDP in vivo.
As BNC-LP-CDDP showed in vitro radiosensitization effects in HCC cells, we then examined the in vivo effect of BNC-LP-CDDP on the chemoradiotherapeutic efficacy in mice bearing Hep3B xenograft tumors, compared with that of CDDP or LP-CDDP. The mice were i.v. injected with CDDP, LP-CDDP, or BNC-LP-CDDP (single dose, 2 mg/kg; equivalent to the amount of CDDP) 2 h before IR at 3 Gy. Tumor growth in the CDDP-, LP-CDDP-or BNC-LP-CDDP-treated mice without IR irradiation was delayed, as compared to that in the control group (Fig. 4A) . On day 32, the treated/control tumor size (T/C) percentage values of the control, CDDP-, LP-CDDP-and BNC-LP-CDDP-treated groups were 100, 66, 73.6 and 56%, indicating that BNC-LP-CDDP exerted better in vivo therapeutic efficacy than CDDP or LP-CDDP, even without combination treatment with IR (Table I) . when the treatment was combined with IR, the T/C percentage values of IR alone, CDDP, LP-CDDP and BNC-LP-CDDP treatment on day 32 were estimated as 34.4, 24.6, 26.4 or 4.3%, respectively (Table I) . These results suggest that BNC-LP-CDDP displays potent radiosensitization effects in vivo and significantly enhances the chemoradiotherapeutic efficacy. An equal amount of BNC and BNC-LP-CDDP was tested under similar experimental conditions to confirm the effect on radiotherapy. BNC did not affect tumor growth or radiosensitivity (Fig. 4C) . Considerable changes in body weight were not observed in this experiment, indicating that none of the mice suffered from severe toxicity (Fig. 4B and D) . Thus, these results clearly demonstrate that BNC-LP-CDDP effectively enhances the chemoradiotherapeutic efficacy in vivo without severe toxicity.
Increased apoptosis induction by BNC-LP-CDDP in vivo.
To determine whether BNC-LP-CDDP induces more apoptosis than other drug, the levels of activated caspase-3 in tumor tissue were estimated via immunohistochemistry. As shown in Fig. 4E , BNC-LP-CDDP without IR induced greater apoptosis in tumor tissue as compared to CDDP alone or LP-CDDP alone. Notably, BNC-LP-CDDP with IR significantly increased the cleavage of caspase-3 as compared to other drugs. These results suggest that BNC-LP-CDDP effectively induced apoptosis in tumor tissue, which led to greater enhancement of the in vivo therapeutic efficacy.
Withdrawal of nephrotoxicity by BNC-LP-CDDP.
The sideeffects of CDDP, including nephrotoxicity, are well known, and hence, we investigated whether BNC-LP-CDDP led to the withdrawal of CDDP-induced nephrotoxicity through a histopathological examination in the mice. Mice were injected with a single 10-mg/kg dose of CDDP, LP-CDDP, or BNC-LP-CDDP. After 4 days, the kidney tissue was collected and stained with hematoxylin and eosin. Acute cortical tubular degeneration and regeneration were observed in the kidney in CDDP-treated animals (Fig. 5B) . In contrast, the kidneys of mice treated with BNC-LP-CDDP did not show any observable toxic damage (Fig. 5D ), similar to those treated with LP-CDDP (Fig. 5C ). These results indicate that BNC-LP-CDDP did not exhibit the nephrotoxic properties of CDDP, potentially due to the encapsulation of CDDP into the LP. 
Discussion
HCC is the most common cause of cancer-related death, particularly in Asia. Moreover, HCC is known to be resistant to the currently available chemotherapeutic agents and radiotherapy (1, 2, 27) . In the present study, we introduce BNC-LP-CDDP as a candidate for overcoming the limitations in the current treatment of human HCC. The use of LPs as carriers of drugs or genes has been attempted in anticancer therapy (22, 23) . For instance, Doxil, wherein doxorubicin is incorporated in an LP, was the first nano anticancer drug to be approved by the FDA (28) . Although several nanodrugs have been approved since then, no agent that specifically targets HCC has been identified. we previously developed a BNC and reported on its ability to target liver as well as HCC, as LPs serve as a versatile form of drug delivery system for carrying genes or drugs (29) (30) (31) . Furthermore, hepatitis B virus (HBv) infects liver cells only in humans and chimpanzees, and not in other animals. The hepatophilicity is determined by the pre-S regions (pre-S1, 2) at the N-terminal half of the HBv surface antigen L-protein. Furthermore, pre-S1 is indispensable for the specific binding of HBv to hepatocytes, whereas pre-S2 in necessary for both the poly-albumin-mediated cell attachment of HBv and cell permeability of HBv (30) . In the present study, we described the properties of BNC-LP-CDDP along with pre-S1 in L-protein as a promising treatment strategy and the potency of BNC-LP-CDDP as radiosensitizer for HCC through in vitro and in vivo experiments in human HCC models. In results, BNC-LP-CDDP targeted specifically to human HCC Hep3B cells both in vitro (Figs. 2 and 3 ) and in vivo (Fig. 4) , and induced potent apoptosis that led to a marked enhancement of therapeutic efficacy, of which results were consistently observed in other hepatoma cell lines including Huh7 or HepG2 as reported previously by us (29, 31) . According to the reports, we concluded through repeated experiment that BNC targeted HCC better than normal liver tissue (29) . Most importantly, BNC-LP-CDDP displayed great radiosensitization effects via the active-targeted delivering of CDDP, thus simultaneously eliminating the nephrotoxicity induced by CDDP (Fig. 5 ). Given that CDDP is both a competent radiosensitizer and toxic to the kidney, BNC-LP-CDDP could serve as a promising therapeutic option and present a new conceptual modality, such as chemoradiotherapy with active targeting nanomedicine, for human HCC treatment. with regard to diverse utilizations of BNC for targeting other sites, BNC has been modified as zz-BNC harboring the protein-A Z domain (Staphylococcus aureus), LL-BNC harboring the protein-L B1 domain (Finegoldia magna), or LG-BNC harboring the protein-L B1 domain and the protein-G C2 domain (Streptococcus species) by replacing the domain indispensable for the human hepatotrophic property of BNC. Thus, BNC can be modified to recognize specific target cells in an antibody-dependent manner by displaying IgGs such as human IgG3, human IgM, mouse IgG1 and rat IgG on the modified BNC (29, 32, 33) . Thus, BNC may represent a promising active targeting-based drug delivery system for not only HCC, but also other types of human cancers.
Radiotherapy is a common strategy that is used for the treatment of diverse cancer types. Above all, radiotherapy for liver tumor has been performed historically and currently through diverse strategy including three-dimensional conformal radiation therapy (3D-CRT), stereotactic body radiation therapy (SBRT) and transarterial radioembolization (TARE) (34) . Concurrent chemoradiotherapy can also enhance the cure rate of patients resistant to other therapies. Doxorubicin, gemcitabine, docetaxel, paclitaxel and CDDP are widely known drugs for chemoradiotherapy. Among these drugs, CDDP is known to be the most potent radiosensitizer in a wide array of cancer types, although it cannot be currently used as chemoradiotherapy for HCC due to the accompanied side-effects. we have confirmed that BNC-LP-CDDP overcame the original nephrotoxicity due to CDDP via histopathological analysis. A preclinical toxicology study regarding the successful clinical application of BNC-LP-CDDP is currently ongoing.
